of hydrogenated amorphous silicon solar cells with front-surface hexagonal plasmonic arrays from nanoscale lithography. Journal of Optics, 19, 075901 (2017) Abstract: The study first uses numerical simulations of hexagonal triangle and sphere arrays to optimize the performance of hydrogenated amorphous silicon (a-Si:H) photovoltaic devices. The simulations indicated the potential for a sphere array to provide optical enhancement up to 7.4% compared to a standard cell using a nanosphere radius of 250nm and silver film thickness of 50nm. Next a detailed series of a-Si:H cells were fabricated and tested for quantum efficiency (QE) and characteristic and current-voltage (I-V) profiles using a solar simulator. Triangle and sphere array based cells, as well as the uncoated reference cells are analyzed and the results find that the simulation does not precisely predict the observed enhancement, but it forecasts a trend and can be used to guide fabrication. In general, the measured optical enhancement follows the simulated trend: 1) for triangular arrays no enhancement is observed and as the silver thickness increases the more degradation of the cell; 2) for annealed arrays both measured and simulated optical enhancement occur with the thinner silver thickness. Measured efficiency enhancement reached 20.2% and 10.9% for nanosphere diameter D = 500nm, silver thicknesses h = 50nm and 25nm, respectively. These values, which surpass simulation results, indicate that this method is worth additional investigation.
Introduction
Light trapping in thin film hydrogenated amorphous silicon (a-Si:H) solar photovoltaic (PV) cells is necessary to compensate the reflectance caused by reduced cell thickness, especially in the red region of the spectrum where the cell generally has poor absorption. Light trapping is commonly obtained with antireflection coatings or top/back electrode texturing [1] [2] [3] [4] . Light is scattered at a distribution of angles, increasing the optical path length and thus the probability of absorption in the i-layer generating electron hole pairs. Unfortunately, random texturing increases roughness in the contact surface area, which consequently increases the surface defects and the concomitant recombination sites. The highest conversion efficiency achieved by a random textured surface a-Si:H cell is 10.1% [5, 6] . Recently, plasmonic nanostructures have offered a potential to improve optical enhancement [7] [8] [9] [10] . Nanopatterning at top contact or back reflectors create a periodic structure that can couple the light into guided modes [7, 11, 12] . 1 Tan et al. implemented a plasmonic back reflector with self-assembled Ag nanoparticles onto the back-contact/a-Si:H interface. They compared the cell with the state-of-art random textured cell and observed 2 mA/cm 2 gain in photocurrent and the open circuit voltage has been kept at the same level. The 25% increase in efficiency compared to a flat cell can be attributed to dramatic light trapping by strong scattering at the interface [13] . For periodic structures, other metallic structures are possible. For example a nanodome resonator used as back reflector can absorb 94% of the light with wavelengths of 400-800nm, which is significantly higher than the 65% absorption of flat film devices [14] . However, the back reflector scheme inevitably creates a texture/pattern base substrate that the remainder of the cell layers must be deposited upon. Therefore, all interfaces above the substrate are also patterned or textured, and the contact area at interfaces are enlarged compared to flat surface, which can contribute to surface recombination. Thus the substrate effect creates a tradeoff between optical gain and electrical degradation, which is difficult to remove with back contact cell designs [15] [16] [17] . However, it can be easily overcome with front contact plasmonic geometry [18] [19] [20] [21] [22] [23] .
To exploit useful both plasmonic scattering and texture-based diffractions while keeping the parasitic absorption low, plasmonic nano patterning must be carefully controlled by tuning the morphology. Techniques suitable for wafer-scale fabrication (e.g. UV-lithography [24] , e-beam lithography [25, 26] and focus ion beam [27] [28] [29] ) are too expensive for commercial use of large scale PV areas. Nanosphere lithography (NSL) has progressed significantly and is promising to overcome this cost challenge [30] . NSL in combination with vertical evaporation tools creates a hexagonal array made of curved triangles, the dimension and spacing of the triangle can be controlled continuously by the nanosphere with diameter D used in NSL [31] . To achieve a uniformly patterned nanosphere monolayer with less defects, spin coating and interface coating provide high yield and produce colloidal mask of high mechanical strength [32] . In this study the interface coating is used to fabricate the nanosphere monolayer as it is substrate independent with an anion surfactant, sodium dodecyl sulfate (SDS), which releases the surface tension and glue together the nanospheres [32] . In addition, a systematic simulation study has been completed to identify the fabrication parameters that maximize the enhancement using triangle or sphere hexagonal array [31] . The results show that the sphere array yield up to 7.4% optical enhancement using nanosphere radius of 250nm and silver film thickness of 50nm. Here a detailed fabrication will be presented step by step to complete the plasmonic nanostructure patterned a-Si:H solar cell. To test the theory, the cells are then characterized for quantum efficiency (QE) and a solar simulator is used to obtain characteristic and current-voltage (I-V) profiles. Comparison of both triangle and sphere plasmonic array based solar cells, as well as the uncoated reference cells are analyzed and discussed in detail to map the enhancement to its physical origin. Conclusions are drawn from the data and future work is outlined.
2. Methodology 2.1. Fabrication of a-Si:H cell a-Si:H cell samples were deposited using a load-locked RF (13.56 MHz) PECVD cluster tool reactor (MVSystems.Inc) onto 6" × 6" borosilicate glass substrates. The glass substrates were pre-cleaned in an ultrasonic bath and air dried in nitrogen gas before being sputter coated with a back reflector (BR). The BR and subsequent device layers were deposited following a recipe described in reference [33] to obtain a device structure shown in the Figure 1 a. The device fabrication was done using the same equipment and the processing parameters detailed in reference [33] .
Top side plasmonic hexagonal array fabrication

1.
Complete a-Si:H cell is rinsed in ultrasonic bath with deionized (DI) water for 40 minutes, followed by drying in nitrogen flow and stored in a desiccator. NSL is implemented using polystyrene nanosphere with interface coating as described in detail in Zhang et al. [32] . In reference [31] , the simulation results for optical enhancement were presented for different geometric parameters with nanosphere radius ranging from 150nm to 500nm and the silver film thickness ranging from 25nm to 200nm. Considering those parameter sets, two types of nanospheres were selected in this work for the fabrication and testing with radius of 250nm and 500nm that are predicted to provide optical enhancement in [31] . Coated samples are allowed to dry naturally at room temperature and stored in a desiccator.
3.
A Frederick e-beam evaporation system is used for silver deposition at an evaporation rate of approximately 12 nm/min using a small current of 0.075 A for good film quality. The film thickness is monitored with a calibrated thickness Kurt J. Lesker FTM-2400 thickness monitor. Three film thickness are used (25nm, 50nm and 150nm), and for each thickness three cells are processed in parallel with one additional cell covered by copper foil, with the latter used as reference. The process is carried out under base pressure at about 1.6 x 10 -7 Torr. 4.
After silver deposition the samples are immediately rinsed in toluene in an ultrasonic bath for 5 minutes to remove beads as well as other organic residuals.
5.
The samples are annealed for 3 hours at 150 ˚C in a tube furnace under Ar flow, which prevents all oxidization for nitrification from happening during the process.
6.
For transmission spectroscopy analysis, the same triangular and annealed triangular array are deposited on top of soda lime glass. NSL nanospheres are removed by ultrasonic rinse in toluene for 5 minutes. 2.3. Plasmonic hexagonal array characterization 1.
All samples are imaged for morphology analysis and film quality using a Hitachi S4700 field emission scanning electron microscope (FE-SEM) and a Veeco Dimension 3000 Atomic force microscopy (AFM) with cantilever tips (Tap300Al-G) on a 1:1 acquisition aspect ratio. For FE-SEM, the accelerating voltage is set to be 5 kilovolts and images are taken using lowest scan rate for quality concerns. For AFM, the field view was 2.5μm for D =250nm bead and 5μm for D =500nm bead respectively at 512 pixel width and scans performed at a speed of 0.5 Hz.
2.
In addition to morphology characterization, localized surface plasmon resonance (LSPR) modes are identified using transmission spectroscopy. Specifically, silver nanoparticles are deposited on soda lime glass substrate with a refractive index of 1.55 and is scanned using a spectroscopic ellipsometer (J.A Wollam Co UV-VIS V-VASE with control module VB-400) from 300nm to 1500nm in a dark room. For each sample the scan is taken at three different locations. The transmission spectrum is obtained for plasmonic peak identification.
3.
The images are analyzed with ImageJ v1.48 to better understand the similarity between annealed particle and spherical particle and to anticipate the possible discrepancies between theoretical simulation and experimental results. The particle circularity is calculated [34] : (1) 2.4. Device characterization 1.
Solar cell external quantum efficiency (EQE) is measured in a PV Measurements QEX10 with zero bias in the range 300-800nm using a light source that is calibrated by a standard silicon photodiode. The beam is casted through a 5 x 5mm 2.
The I-V characterization is implemented in a Keithley 4200-SCS Semiconductor characterization system with solar simulator calibrated to deliver one sun power with AM1.5 solar irradiance spectrum. The cell is set in forward bias diode configuration. The light shutter is closed immediately after the measurement to prevent any induced cell degradation, i.e. the Staebler-Wronski Effects (SWE) [33, 35, 36] .
For both QE and I-V measurements, each cell is measured three times to ensure reproducibility and representative values are reported for performance.
Finite element domain device simulation
In previous work [31] , the simulation is carried out using COMSOL Multiphysics 5.1 commercial software package, which is based on the finite element methods (FEM). Having defined the dielectric functions and geometric parameters for each layer, the method was used to solve the frequency domain form of Maxwell's equations in three dimensions in a constrained range of the solar spectrum where a-Si:H is active (300nm to 750nm). Perfectly matched layers are used in the simulations to limit the computational domain. Under the given simulation settings, all the major optical processes including but not limited to scattering [13] , diffraction [19] , Fabry-Perot resonances [18] , and waveguide modes [37] [38] [39] that can play roles in the optical enhancement are automatically considered in the COMSOL simulations since Maxwell's equations accurately describe those processes in three dimensions. The further details of the simulation are described in reference [31] . Optical enhancement for each simulated cell is acquired by integrating the product of absorption rate and AM1.5 irradiance spectrum over the wavelength region of interest. The simulation structures are described in Figure 1 b.
Result and Discussion
The theoretical structures were successfully synthesized and imaged with SEM for as deposited ( Figure S1 ) and annealed nanoparticles ( Figure S2 ). The circularity is summarized in Table S1 . Size distribution was quantified ( Figure S3 ) and confirmed with AFM ( Figure  S4 ). The calculated and masured diameters of the annealed silver particles are summarized in Figure S5 . Among those fabricated arrays, the highest optical enhancement in the experiments was obtained for the annealed samples when D = 500nm and h = 25nm. The next highest enhancement was obtained when h was changed to 50nm. In both cases the total optical enhancements were in the range of 8-10%. In the rest of the fabricated arrays, there were either no or very low optical enhancement. In order to explain why the highest optical enhancement was achieved at above specific geometric parameters, the experimental results were carefully analyzed to reveal the possible roles of the thickness, periodicity, and shape of the particles on the observed enhancement. The performance metrics of the cells with different particle arrays were quantified experimentally through both optical and electrical measurements. Possible plasmonic resonances responsible from strong directional scattering were explored through transmission measurements. EQE measurements were performed to determine the experimental values for the optical enhancement. The characteristic I-V curves were used to determine the enhancements in short circuit current density (Jsc) and overall cell efficiency. It has been found that the above mentioned geometric parameters provide optimal conditions for maximal useful scattering along with the least parasitic losses within the solar spectrum. The details of these analyses are given in the following. Localized surface plasmon resonance (LSPR) can be identified by the materials transmission spectrum as each resonance mode is represented as a valley as shown in Figure 2 . There are two major dips for most of the transmission spectra. The dipolar resonance at longer wavelengths is caused by the oscillation of electrons driven by light induced polarization, the origin of Rayleigh scattering. The weaker resonance observed at shorter wavelength is attributed to the quadrupole resonance type, which is the next higher order resonance from dipole resonance. The origin of the quadrupole and other high order modes can be understood by studying the inhomogenously distributed field across a large particle, where incoming light can only partially polarize the particle [40] . Quadrupole and other high order modes can also induce strong scattering and absorption [31] . Proper engineering over the particle size can separate the parasitic absorption and scattering, letting the useful scattering occur in the primary absorbing spectral range while leaving the absorption outside. Thickness effect. It is well known that the thickness of nanoparticles affect their plasmonic resonance. From Figure 2 a it can be clearly seen that the both dipole and quadrupole resonances are subjected to a blue-shift as the silver thickness increases. As the silver thickness goes from 25nm up to 150nm, the dipole resonance moves from 870nm to 600nm. The quadrupole resonance is relatively insensitive to the thickness change, as it moves from 480nm to 430nm. In the 150nm case, there is another dip at 390nm, which can be attributed to even higher order resonance that can only be observed with larger particles. In contrast, the simulation for the full plasmonic solar cell structure shows 5 major dips in the absorption spectrum (see Figure 6 a in [31] ), since the reflection between back contact and plasmonic array is also considered. Spacing effect. Spacing between nanoparticles can be adjusted by using NSL bead of different sizes. Figure 2 b shows two types of triangular arrays fabricated using D = 500nm and 1000nm NSL beads, all have the same silver thickness of 50nm. The result is as predicted in the simulation: larger spacing results in larger particles, hence the red-shift of the dips. The dipole resonance dip moves 560nm from 750nm to 1310nm, while the quadrupole resonance dip moves 110nm, from 430nm to 540nm. The result is anticipated through simulation and discussed in [31] . Shape effect. Through annealing, most of the triangular nanoparticles are transformed into spherical or pseudo-spherical nanoparticles. The sizes and distributions are analyzed and summarized in Table S1 . Though the annealed particles are not completely spherical, they behave significantly different from triangle particles and close to the sphere array simulation results [31] , where the scattering cross-section is of both types of array are discussed. The sphere array has the advantage over triangle array because of the merger of dipole and high order resonance modes, which gives a broad scattering cross-section overlapping with a-Si:H absorption range. The experiment confirms the overlapping of multi-order resonance dips, as only one dip from 360nm to 620nm is observed from the spectrum [31] (see Figure 2 c ). On the other hand, the dipole resonance dip for triangular array occurs at 740nm, which is almost the end of a-Si:H absorbing range. The quadrupolar scattering could be useful, however, judging from the weak quadrupole dip in the transmission spectrum, there is little scattered light propagating in the forward direction. In addition, the parasitic absorption of high order modes in triangular array also increases with thickness. Therefore, it is hard to conclude the quadrupolar resonance of triangular array is beneficial. The transmission spectrum gives an insight into the plasmonic resonance behaviors for each individual particle size and is useful even without the use of a cell structure. The plasmonic resonance is highly dependent on the thickness, spacing as well as the shape of nanoparticles. The analysis briefly shows that dipolar resonance of triangular nanoparticles are beyond 600nm, which is less useful in terms of a-Si:H PV applications. Quadrupolar resonances remain to be examined in a cell as they, in general, induce both scattering and absorption, which both grow faster with the thickness of silver film (see Figure 5 b in [31] ). The promising candidate is the annealed array, which is proved to be more spherical. The observed dip positions are in agreement with the simulated result (compare Figure 5 in [31] with Figure 2 ). Broad merged resonance dip is essential to useful scattering in a-Si:H absorbing region. The following cell construction and characterization will provide more detailed analysis on the triangular and annealed plasmonic structure.
To better evaluate the light trapping of plasmonic hexagonal array, the EQE is shown in Figure 3 for triangular and annealed nanoparticle array enhanced solar cells. Each figure shows three EQE curves for the same cell before metallic deposition, after the deposition but before annealing and after annealing. For the same cell the two electrodes are placed at roughly the same position for each measurement to minimize the discrepancies between individual measurements. It should be noted that due to the fabrication variations the quality of reference cells are not guaranteed (as can be observed from the reference EQE), so the validation of the enhancement can only be done with the same cell before or after the implementation of plasmonic deposition. Starting from the 25nm group (Figures 3 a and b) , just as predicted by the simulation, a significant overall scale-down of the curve is clearly observed in triangular nanoparticles for both D = 500nm and 1000nm cells. The parasitic absorption caused by hot spots in the triangular nanoparticles is the major reason for the scale-down. For the annealed arrays there is a scale-up from 450nm to 700nm in D = 500nm attributed to the scattering cross-section coverage over this spectral range. The absorption and scattering are not well-separated at wavelength below 450nm, hence no significant scaling up or down at the shorter wavelengths is observed. With larger NSL beads, spacing between nanoparticles increases, the effective scattering albedo is not as large as it is in D = 500nm cases, the result is less covered surface area by plasmonic induced scattering. The trade-off between forward scattering and absorptions causing the EQE curve is roughly unchanged compared to the reference. The same physics can be used to explain the h = 50nm groups ( Figures 3 c and d ). Previous simulation work has shown that the energy dissipated at tips contributes a considerable amount of efficiency loss in the i-layer absorption [31] . Further increasing the silver film thickness will cause problem to the cell. Figures 3 e and f show the negative effects on the triangular and annealed plasmonic arrays in D = 500nm and 1000nm. Absorption and shielding are both amplified with larger particles, therefore more negative results are expected. The reference is tested with different annealing temperatures and is found to be unaffected in EQE with 150 ˚C or lower annealing temperature. At 200 ˚C the cell suffers 30% degradation in Jsc. Therefore, all the annealing experiments are carried out at 150 ˚C. The optical enhancement (OE) was calculated from both the numerical simulations and measured EQE (see Figure 3) . In the numerical simulations, the total absorbed power density [18] ,
from 300nm to 800nm was first calculated for both plasmonic and reference cells. Here, A() is the ratio of the absorbed power to the incident power, QAM1.5 is the solar irradiance spectrum with an air mass of 1.5, obtained from the National Renewable Energy Laboratory (NREL) [41] . Then, the results of Eq. (2) for the plasmonic and reference cells are compared to calculate the numerical OE. Similarly, the experimental OE was calculated by first integrating the EQE curves over the solar irradiance spectrum for both plasmonic and reference cells as in Eq. (2), except that A() was replaced with EQE, and then the experimental OE was obtained by comparing the two results. Table 1 shows the percent difference in the optical enhancement and allows comparison between both the simulated and the experimental results for both triangular (no annealing) and circular array (annealed). The 'enhanced' cells are compared to those that are not enhanced. Note that the experimental OE accounts for collection efficiency, while the numerical OE does not. Therefore, it is not surprising to have some discrepancy between numerical and experimental OE results, among possible other reasons which will be discussed later. In general, the measured OE follows the simulated trend: 1) for triangular array, no enhancement is observed and with the increasing of silver thickness the more degradation of the cell; 2) for annealed array, both measured and simulated OE reveal that the enhancement 6 is with the thinner silver thickness. For D = 500nm, h = 25nm annealed array, the difference residing in the measured OE is considerably greater than those simulated results. For D = 1000nm, h = 50nm annealed array, the simulated result shows about 1.5% enhancement, whereas the measured result of the same array does not. It could possibly because of the degradation during fabrication, which may cause fluctuation of the measured OE. In summary, the simulation does not precisely predict the observed enhancement, but it forecasts the trend and can be used to guide the fabrication. It is important to compare the electrical performance of the cell in addition to the optical EQE measurement. The characteristic I-V curves are taken for this type of evaluation. Jsc, opencircuit voltage (Voc), and fill factor (FF) are determined from the I-V characteristic curves for the cells and are summarized in Figure 4 . The enhancement in the photo-current density is the light trapping indicator as a successfully implemented light trapping scheme should increase the photo-current due to the enhanced absorption rate. Such enhancement can be identified in D = 500nm, h = 25nm and h = 50nm annealed plasmonic array, which is consistent with the simulations. More importantly, just as predicted by the simulation, the largest photo-current enhancement is with the D = 500nm, h = 50nm annealed sample, Jsc enjoys 14.2% enhancement from 8.18 mA/cm 2 to 9.34 mA/cm 2 . For D = 500nm, h = 25nm annealed array, Jsc is enhanced 1.95 % compared to the reference cell. For the remainder of the tested arrays no Jsc enhancement is observed. It is in agreement to the simulation result where the enhancement is observed for the annealed array with D = 500, h = 25 and 50nm. Nevertheless, for the annealed array with D = 1000nm, h = 50nm that is predicted to have enhancement (see Table 1 ), the experimental result slightly disagrees. It can be attributed to the fabrication loss as this enhancement, even in the simulation prediction, is not as strong as the D = 500nm cases (only less than 2% optical enhancement). All the h = 150nm samples show significant degradation, it is also in agreement with the simulation and the EQE results in Figure 3 . To achieve successful light trapping in plasmonic solar cells, the Voc should remain constant in addition to the increased photo-current as Voc loss after implementing plasmonic nanoparticles are frequently reported [42] [43] [44] . In this study no significant reduction of Voc is observed for the D = 500nm groups (constant 0.80 V) before and after the deposition or annealing (Figures 4 a, c , and e), the same for the D = 1000nm, h = 25nm and 50nm groups with the 50nm suffering only a slight deterioration after the annealing from 0.76 V to 0.71 V (Figures 4 b and d) . Among h = 25nm and 50nm groups, it is also found that the triangle arrays have even slightly better Voc in comparison to the annealed ones, which can be attributed to the surface plasmon polariton (SPP) excited at the metal/dielectric interfaces due to a larger contact area. For thicker silver films and large inter-particle spacing the degradation takes place, for reasons that are unclear. In summary, except the h = 150nm, D = 1000nm case, the Voc is preserved for all the tested plasmonic cells irrelative to the spacing, thickness, or the geometry of the particle. The observation suggests the success in implementing the light trapping using front contact silver nanoparticles. Table S1 ). The measured overall efficiency for D = 500nm, h = 50nm is enhanced 20.2% through the annealed silver particle array, while the D = 500nm, h = 25nm cell has the largest photocurrent of 9.41 mA/cm 2 and the efficiency enhancement it has through the annealed silver particle array is 10.9%. In both cases, the measured optical enhancement is greater than the predicted enhancement (see Table S1 ). This was repeated over several cells, but the relatively low-efficiency cells may have other losses that are being overcome by the silver treatment (e.g. conductivity). As the ITO is thinner than a normal cell the sheet resistance is higher for all cells, but the silver particles help to reduce the sheet resistance of the top emitter layer. In resonant optical systems, even a slight change in the geometry can have a dramatic effect on the overall response of the system. The smaller the dimensions are, the more sensitive the system is to any changes. Therefore, it should not be too surprising to have the most discrepancy between experimental and theroretical results at smaller dimensions (i.e., D = 500nm, h = 25nm). Deviation of the actual particle shape from a perfect sphere and inaccuracy of the deposition tool thickness monitor may be other explanations for larger enhancement in the measurement. From the morphology analysis it could also be inferred that the split smaller particles during annealing yield additional scattering albedos to better cover the cell, therefore the thinner film that produces more split particle can actually have better performance. As previously mentioned, another important source of discrepancy is that the numerical method used to calculate the optical enhancement is different than the experimental method. The numerical optical enhancement was calculated from the absorbed power density using Eq. (2) under periodic boundary conditions, while the experimental optical enhancement was obtained from the EQE measurements (see Figure 3) based on randomly distributed particles (see Figure S3) . Generally, the particles with random distributions result in broader spectral coverage with possibly better cell performance as opposed to sharp and narrow band response of periodic arrays. Nevertheless, further analysis is needed to resolve the origin of the observed enhancement.
Conclusions
In this study, the experimental demonstration of validation of the optical enhancement of plasmonic silver nanoparticle array based commercially thick a-Si:H solar cell fabricated by NSL is carried out. The fabricated plasmonic silver nanoparticle array and the subsequent annealed array are analyzed with SEM and AFM. Uniform, well-ordered particle arrays with less defects is obtained and coated onto the cell's front contact. The morphology analysis shows a pseudo-spherical structure in the annealed array, which is more like a bell-shaped hemisphere. Cell performance characterization is completed by EQE and I-V measurement to resolve the enhancement and overall device characteristics respectively. In EQE measurement, cell with thinner film thickness and smaller inter-particle spacing shows high performance in the wavelength range of 450-700nm, which is in agreement with the simulated scattering cross-section analysis. This indicates that the excitation of scattered field and guided modes through periodic array are the main source for enhancement. Larger particles, triangular particles are plagued by parasitic absorption hence no observable enhancement ever found. For most of the measured cell the results are consistent with the simulation. Two candidates that show promising enhancement are analyzed in detail. The measured efficiency enhancement reach 20.2% and 10.9% for D = 500nm, h = 50nm and 25nm, respectively, wellbeyond the simulated result. To better understand the discrepancies between measured and simulated result, more experiment validation is required on high-efficiency cells. This approach is promising to open a route to fabricate plasmonic front contact enhanced a-Si:H solar cells using an inexpensive NSL method as it enables large-scale fabrication and potentially commercialization of plasmonic solar devices. The SEM image of triangular silver nanoparticle patterned on top of ITO are shown in Figure  S1 . The images show clearly the well-separated triangular silver nanoparticle assembled into a particle array. No observable agglomerates or oversized nanoparticles are found throughout the entire surface. The averaged surface coverage of nanoparticles is calculated by taking the ratio of nanoparticle area to the area enclosed by the red triangle mark in Figure S1 c at five different places. Calculated average coverage is 7.1%, which is 23% smaller than theoretical coverage (9.3%). The nanoparticles preserve the hexagonal pattern with great uniformity, no distorted or damaged particles are found from the SEM images. However, there is about 5% connected triangle bowties. As pointed by Herr et al, the near field can be altered drastically by changing the distance between two bowtied triangles [1] and is examined in the cell characterization. Figure S1 g shows the three major defect types: interstitials, vacancies and grain boundaries (marked in Figure S1 g ). Interstitials are rarely seen in the image and can be removed completely by a prolonged ultrasonic washing period. The interstitials comprise less than 0.4% through of the surface. There are about 2% vacancies coverage, most of the vacancies come from the beads triplets as a result of surface tension during the coating process, which can be reduced by adjusting the surfactant concentration. Grain boundaries have the largest coverage over other defects and they are hard to remove. Grains size are subjected to the engaging speed, beads concentration and surface tension which is difficult to improve. The largest defect free domain achieved is around 100μm 2 .
In Figure S1 b in D = 1000nm h = 25nm group, the fraction of connected triangles become larger and the tip to tip distance narrows, supporting a stronger near field under illumination. For thicker silver film, a bright contour shows up in each triangle, it appears to be the top surface of the triangle prism. However, due to the increased film thickness and the curvature of NSL beads, the growth of the triangle prism is deformed (e, f) leading to sloped and curved edges along the beads curvature. In D = 500nm group the brighter contour are even narrower, indicating the structure is transforming from prism to a triangular pyramid, such transformation is not as prominent as it is in D = 1000nm group. Using ImageJ analysis the area of the top of the prism is 81% for D = 1000nm and 57% for D = 500nm. In simulations the sloped and curved prism is modeled according to the observation. Annealed silver nanoparticle arrays are presented in Figure S2 . In the entire structure being examined no remaining nano triangles survived the annealing. They transformed to pseudosphere array while each annealed particle is fixed at the same position where the center of original triangular nanoparticle is, so interparticle spacing is preserved. It should be noted that the transformation is not perfect, as one can distinguish that the annealed particles are not perfect spheres. Increasing the annealing time will increase the circularity, nevertheless the time must be kept as short as the cell can sustain. The size of the annealed particles also remains constant as the triangle particle and there is a little variation due to the connected bowtie triangles, which give two slightly larger particles after annealing. The average in-plane diameter is 91nm with standard deviation of 10.4nm for silver thickness of 50nm using D = 500nm NSL beads. Detailed size distribution of annealed particles are presented in Figure S2 . For NSL beads diameter of 500nm, there are about 3% triangular nanoparticles split into two or three smaller nanoparticle during annealing in 1μm beads case. It can be understood that the splitting happens when the atoms in a nano triangle with a long and sharp tip starts to vigorously move to find new equilibrium positions. In Figure S2 , the split of triangles become more prominent in D = 1μm, h = 25nm setup. Figure S2 b inset shows a zoomed honeycomb unit, the annealing breaks down the relatively large triangular nanoparticle into smaller particles, three different types of break-down can be identified. First, the exterior of the triangle segregates from the triangle body and remains to be at the border, those particles are extremely small with typical average diameter less than 10nm, and they outline the border of original triangular nanoparticle in its place. In addition to the triangle border, the honeycomb unit border is also outlined by a group of larger particles, those particles can be considered as a result of triangle tip break down during annealing, hence they are distributed along the edge of the honeycomb. The largest particle is at the center of the original triangle, this is where most of the triangle's silver is after annealing. The interparticle spacing and symmetry of the array do not change after annealing, indicating the particles are in the same position before and after annealing. The split particle does not present in D = 1μm, h = 150nm case, which, however, shows rounded triangular shaped particles, a sign of incomplete annealing. Insufficient annealing time and temperature can cause the remaining triangles. Also when the particles become larger, longer time at higher temperatures is demanded for shape transformation. However, further increasing temperature will inevitably cause cell degradation. For D = 500nm, the split and insufficient annealing is not as server as in D = 1μm cases, the annealed particles have overall good circularity and distribute normally. Annealed particles size distribution is plotted in Figure S3 . For D = 500nm, regardless of the silver thickness, most of the particles follow a normal distribution pattern. Average particle diameter increases with silver thickness. For D = 1μm, the h = 50nm and 150nm cases have normal distribution with median at 190nm and 208nm. The h = 25nm is not normally distributed. Particle split and insufficient annealing time are likely the cause of the abnormities in size distribution and deviation from spherical geometry. Calculated circularity are summarized in Table S1 . In addition to circularity, the vertical thickness is also important to validate the spherical structure. Atomic force microscope (AFM) images were taken to help compute the height of triangular and annealed silver nanoparticle, for which it is usually difficult to obtain in SEM. AFM imaging is performed with a Veeco Nanoscope II AFM. The AFM is setup in tapping mode, sampling rate = 512/line, scan area 2.5μm for D = 500nm and 5μm for D = 1μm respectively. The nanoparticle height is obtained from a section analysis using Nanoscope software. AFM images are taken for a vertical section analysis to obtain the height of annealed particle ( Figure S4 ). For each annealed particle array the sampling are taken at five different places in order to get averaged result. Table S1 . Average diameter, height and circularity of annealed silver nanoparticles. D and h are the diameter of the NSL masking beads and the thickness of the deposited silver, respectively. Figure S4 shows the section analysis configuration, where the vertical distance between two red marks defines the particle height. Figure S4 . AFM section analysis configuration for a D = 1μm annealed sample. Figure S5 shows the calculated and measured diameter of annealed silver particles. It can be inferred from the SEM images and measured particle height that the annealed nanoparticle is a bell-shape hemisphere. For h = 25nm and 50nm cases, the annealed nanoparticle is close to sphere for D = 500nm and to hemisphere for D = 1000nm. The thicker silver triangle tends to have a much smaller diameter after annealing. For both D = 500nm and 1000nm, with h = 150nm the annealed particles gives an average diameter of 105nm and 219nm, respectively. Insufficient annealing may cause the reduced diameters of the annealed nanoparticles. The resultant particle is a tall bell-shaped trapezoidal prism with rounded tips. Localized surface plasmon resonance (LSPR) of silver particles are analyzed. The transmission spectrum is obtained from plasmonic array deposited on a transparent soda lime glass substrate. Due to the difference in substrate permittivity, the valley position of LSPR observed in the transmission spectrum will not be as the same as the LSPR actually present on top of ITO in real solar cell. Nevertheless, transmission spectrum serves as an intermediate proof-of-concept approach, allowing directly identification of LSPR and approximate their behavior in the solar cell. Plasmonic triangular and annealed triangular array, fabricated with NSL using parameters listed in Table S1 . Molecular vibration absorption at near-IR is mitigated using Savitzky-Golay method with polynomial order of 2. It should be noted that the drop at <350nm is caused by the absorption of soda lime glass, not by the any type of resonance of the silver particles. 22
